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Introduction
Previous to the discovery of cuprate superconductors, the so-called conventional
superconductors were well-established materials that fit the BCS model of superconductivity.
The pairing mechanism in conventional superconductivity arises from electron-phonon
interactions. Electrons of opposite spin exchange phonons, which ultimately produces an
attraction between the two particles and forms Cooper pairs. The Debye temperature directly
predicts a superconducting critical temperature that enables pairing. However, the discovery of
unconventional superconductivity at higher temperatures suggested a pairing mechanism not
mediated by phonons, creating a need for an alternative understanding of superconductivity.
One such unconventional superconductor class is the copper oxides, or cuprates. These
materials consist of copper-oxygen planes initially in the Mott insulator phase which can be
tuned toward superconductivity with chemical doping. High temperature superconductivity in
the cuprates was discovered in 1986 by Bednorz and Müller with LaBaCuO 4 (LBCO) at a critical
temperature (Tc) of 30 K [1]. Quickly after those results were published, Tc was shown to
increase to almost 50 K in LBCO by applying hydrostatic pressure [2]. Then an even greater Tc
was found by replacing La with Y to obtain a Tc of 93 K at ambient pressure [3]. This discovery
of high temperature superconductors (HTS) refocused the race to find superconducting materials
at practically useful temperatures and pressures.

Distinct Phases of Cuprates
Since the discovery of HTS, there has been substantial effort to understand the various
phases of cuprates. A phase diagram (Figure 1) is a visual guide to document the different phases
1

cuprates can form. The phase diagram shows superconductivity in the underdoped regime forms
a pseudogap at higher temperatures. Overdoped cuprates show superconductivity transforms into
a strange metal at higher temperatures. While the characteristics and implications of each phase
are still debated, many experiments observe several distinct states: superconductivity,
antiferromagnetism, a pseudogap, a strange metal, Fermi liquid, and potentially a quantum
critical point.

Figure 1 Phase diagram of a cuprate material. The superconducting (SC) dome is a region of zero resistance in the material due
to the pairing of electrons. Pseudogap shows evidence of preformed pairs and lowered in-plane resistivity. At zero doping, the
material is antiferromagnetic (AF), characterized by opposite spins at neighboring lattice sites that result in zero net
magnetization. The strange metal phase does not appear to transport electrons by the usual electron-phonon scattering and can
be observed up to significantly high temperatures. Finally, the Fermi liquid state corresponds to a normal state of low
temperature metals where transport is mediated by quasiparticles.

The superconducting phase boundary in cuprates appears as a dome in the temperature
versus doping phase diagram, arising when a parent compound is chemically doped. In hole
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doped cuprates, a dopant creates hole vacancies in the energy levels of the copper oxide planes.
The dome begins at a minimum critical doping, pc1 , and terminates at maximum critical doping,
pc2 . The peak of the dome indicates an optimal doping level where the material has the greatest
Tc. A material is defined to be underdoped if the doping level is between pc1 and optimal doping,
and the overdoped regime is between optimal doping and pc2 .
The completely undoped material in cuprates is an antiferromagnet, which is a magnetic
material with zero net magnetization. This occurs because the magnetic moments of spin oppose
the neighbors on the crystal lattice. Cuprates' antiferromagnetism originates from the spins of the
Cu ions forming a Néel lattice due to an interaction brought about by the virtual hopping of the
antiparallel spins from one Cu ion to the next [4]. Antiferromagnetism is destroyed when a
dopant is introduced to the chemical structure, and that disorder leads to the phases of the
pseudogap and superconductivity.
The pseudogap phase is unique to the cuprates and appears as a precursor to
superconductivity on the underdoped side. When electrons pair they enter into a spin singlet
state. NMR measurements revealed a reduction in spin susceptibility characteristic to the spin
singlet state at a temperature higher than Tc, and no apparent change as temperatures were
lowered past Tc [5]. Additional experiments focused on both in and out of plane conductivity.
Using optical conductivity measurements, it was discovered that in plane resistivity reduced
significantly in the pseudogap [6], [7], while out of plane conductivity appears incoherent and an
energy gap is observed [8]. Various studies have documented the features of this phase: ARPES
measurements show the unique Fermi surfaces and the gap in energy [9], [10]. While in normal
metals the Fermi surface is smooth and continuous, the pseudogap shows anisotropy and
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discontinuity. This provides evidence of a smooth transition from the pseudogap Fermi surface to
the nodes in the surface indicating a superconducting state.
Over higher temperatures, the strange metal phase extends from optimal doping to the
overdoped region in cuprates and serves as the parent state of a high Tc superconductor. While
most metals saturate resistivity at a high temperature, cuprates show a linear relationship
between in-plane resistivity and high temperatures [11], indicating transport not facilitated by
electron-phonon scattering. Unlike a fermi metal, there are no well-defined quasiparticles that aid
in conductivity. Additionally, the Hall coefficient [12] show a distinctly non-Fermi liquid state.
This led to the marginal Fermi liquid theory [13], which states there are small charge- and spindensity excitations that can account for the strange behavior. As a consequence, the theory
predicts attractive electron-electron interactions that lead to superconductivity.
Finally, the low temperature phase bordering superconductivity on the overdoped side is
the Fermi liquid. Generally most low temperature metals exist as a Fermi liquid, where electrons
act as non-interacting fermions [14], moving freely through the material. In cuprates it was
assumed that the materials became Fermi liquids at some point, and this was finally observed by
measuring charge transport at low temperatures [15].

Some superconducting properties of La 2-xSrx CuO4
The preceding states have been extensively studied in La2-x Srx CuO 4 (LSCO) [16]–[20].
The single copper-oxygen planes characteristic to cuprates is hole doped by Sr and forms a
tetragonal unit cell (Figure 2). It can be doped over a continuous range, from the
antiferromagnetic phase to the metallic Fermi liquid phase. Superconductivity begins at 𝑝𝑐1 ≈
0.02 and extends thought doping at 𝑝𝑐2 ≈ 0.26, and optimal doping is typically at 𝑝𝑜𝑝𝑡 ≈
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0.16. It may exist as a thin film or be grown as a bulk crystal. As a single crystal, LSCO has a
lower Tc at approximately 39 K [21] and may be grown to relatively large sizes compared to
other cuprates [22]. As a thin film, the critical temperature increases (Tc ≈ 51 K) with expitaxial
strain [23] and may be more stably grown. Thin film LSCO is possible to grow for all doping
levels up to the Fermi Liquid state. LSCO heterostructures gained popularity after it was
discovered that epitaxial strain could double Tc [24]. LSCO is a natural candidate to explore
superconductivity because it can be grown within a large range of doping levels and the
superconducting phase is sensitive to growth method and various tuning parameters such as
pressure.

Figure 2 Schematic of a unit cell of LSCO [25]. The relative simplicity of the chemical structure in comparison to other cuprates
makes this material more desirable to study. Growing LSCO as a thin film or bulk crystal is possible from zero doping in the
antiferromagnetic phase to extremely overdoped in the metallic Fermi liquid phase.

5

The overdoped regime of LSCO may provide insight into what mechanism destroys the
superconducting state. It was assumed the physics past optimal doping could be explained by the
BCS theory due to a smooth transition from the superconducting state to the Fermi liquid state.
However, recent studies have proven that previous assumptions cannot be valid [26]. In the
underdoped regime temperature and carrier density are linearly related, known as the Uemura
relation [27], and extends into the overdoped side of LSCO. However, nearing the maximum
doping level (𝑥 ≈ 0.26) the relation between temperature and carrier density has been measured
as 𝑇 ∝ √ 𝑛 [28]. The carrier concentration is closely related to the penetration depth, a quantity
that defines a superconductor's ability to screen external magnetic fields. When a material has a
large penetration depth, it has small amount of possible current to screen the fields. Knowing
how the penetration depth scales with doping is therefore very important to understand the
transport dynamics present in LSCO.
The strange nature of overdoped superconductivity in LSCO brings about several open
questions this thesis aims to partially answer and stimulate further research. What phenomenon
terminates superconductivity on the overdoped side? With the pseudogap on the underdoped
side, there is somewhat clear progression of the phase as temperature varies. In overdoped LSCO
the transition from superconductivity to a Fermi liquid is less clear. What does the transition
between superconductor and Fermi liquid look like? We aim to visually see what occurs in the
material around the critical temperature and whether spatial inhomogeneities in critical
temperature occur. We hypothesize that with micron-scale resolution it is possible to resolve a
more comprehensive picture of the superconducting transition. What are the consequences of the
different scaling relation of superfluid density in supremely overdoped samples? At nearmaximum doping levels, the scaling relation between phase stiffness and temperature changes
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inexplicably. We will present a comparison between previous global measurements and our local
SQUID measurements of susceptibility. Primarily the focus on characterizing superconductivity
will be on defining Tc and penetration depth locally.

7

Methods
Precise local measurements of overdoped LSCO can be useful to understand how
superconductivity evolves as temperature changes in a single sample. Scanning SQUID
microscopy is capable of resolving micron-scale variations in both magnetic and susceptibility
signatures in a material. Using this method, we seek to resolve what local measurements can
reveal about the critical temperature and penetration depth at different points across an
overdoped LSCO sample. SQUID devices are measure three orders of magnitude smaller than
inductance coils used in standard global susceptibility measurements, thus SQUIDs have a
sensitivity that surpasses other susceptibility measurement techniques.
A small local AC field from the SQUID field coil induces a response from the sample,
and the SQUID measures that response via a small pick-up loop. In order to collect raster
images, the scanner moves continuously to record susceptibility of a square area. The SQUID
microscope also measures susceptibility approach curves that determine the London penetration
depth. All measurements can be done without any special preparation by the material, such as
soldering electrical contacts.
The following chapter will outline the methods used the data collection process. The
sample was created by our collaborators at Brookhaven National Lab (BNL) using atomic layerby-layer molecular beam epitaxy (ALL MBE). All SQUID experiments were done at the
University of Connecticut using the Montana instruments Fusion 2 cryostation, with a custom
built scanner.

8

Experimental Setup
LSCO films
The Oxide MBE group, directed by Ivan Bozovic at BNL, created the samples using
ALL-MBE, which reduces surface inhomogeneities and controls vacancies or gradients in
oxygen density [29]. The custom built ALL-MBE experiment (Figure 3a) has the following key
components: (1) elemental sources that may be controlled via remote shutter mechanisms; (2)
ozone supply, cooled by water; (3) piezoelectric substrate positioner; (4) reflection high energy
electron diffraction (RHEED), which observes surface smoothness and oxygen vacancies of
sample in situ during sample creation; (6) metal source flux measurements, with each source
metal measured by atomic absorption spectroscopy. [30].

Figure 3 (a) Modular ALL-MBE system (modified from [30], [31]), containing various element sources, ozone supply with
external leak valve, rotating substrate positioner, RHEED gun to monitor surface smoothness, lamp and photomultiplier tube for
flux monitoring. B) Cross-section of La2–x Srx CuO4 sample with a LSAO substrate and La1.60Sr0.40CuO 4 buffer layers

The atomic layer composition of the sample comprises of LaSrAlO 4 (LSAO) as the
substrate, and 10 unit cells of metallic La1.60 Sr0.40 CuO4 on either side of La2-x Srx CuO 4 (Figure
3b). Due to slightly different lattice constants between the substrate and metallic LSCO, there is
slight compressive strain within the structure [32], however this has been known to make the
9

material more resistant to oxygen vacancies [33]. To minimize strain on the superconducting
layer, metallic LSCO serves as buffer layers to aid in chemical stability. There is a certain
consensus in the community on using a practical approach of mapping the critical temperature
the hole doping level. As the actual number of dopants is unknown due to difficulty with
measuring oxygen amounts in the material The holes concentration, p, is approximately a
reflection of the mobile carrier density and is determined using the relation: 𝑇𝑐 = 𝐴(𝑝 −
𝑝𝑐1 )(𝑝𝑐2 − 𝑝) where 𝑝𝑐1 = 0.06, 𝑝𝑐2 = 0.26, and 𝐴 = 4.15 × 103 K. To do this mapping,
preliminary bulk susceptibility data was collected at BNL using the mutual inductance technique
and provided global Tc quantities, and thus a bulk p value could be determined.

SQUID Design and Operation
SQUIDs consist of a superconducting pick-up loop with two Josephson junctions in
parallel. Josephson junctions consist of a superconducting wire interrupted by a thin insulating
layer. The critical current across the junction is smaller than that of the wire, and it develops a
voltage. When a field threads through the loop, the current induced in the loop must screen
sufficiently such that only quantized flux may pass through and the current wavefunction picks
up a phase difference, , through the junction. Because the wavefunction is single valued, the
phase difference is periodic in flux, with the period of one flux quantum, 0 . The response of a
Josephson junction may be modeled as a damped driven oscillator [34].
𝐼 = 𝐼𝑐 𝑠𝑖𝑛
𝑑
2𝑒𝑉
=
≡ 𝜙0
𝑑𝑡
ℏ
The pickup loop on the SQUID is situated inside the field coil, which drives a local field
near the sample to read magnetic response (Figure 4). One field coil and the pick-up loop are
10

situated on the very tip of the SQUID device, which comes into closest contact with the sample.
A second field coil sits 1-2 mm away from the tip near the center of the SQUID, which balances
the inductance and avoids coupling to the sample.

(a)

(b)

20 μm

Figure 4 (a) Schematic of SQUID circuitry [35]. The field coils (F.C.) encircle the pick-up loop (I) and the modulation coils (M)
sit in the center. All leads are shielded so that stray magnetic fields don't influence the signal.(b) Optical microscope image of
SQUID chip with a close up of the tip with the pick-up loop and field coil indicated by the red frame.

We apply a field from the field coil, and resulting expelled flux from the sample induces
a current in the pick-up loop. Well-shielded modulation coils sitting at the center of the device
couple to the response, and we measure that current induced as DC magnetometry. Using a lockin amplifier, and the driving AC current going through the field coils, we can measure
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susceptibility of the material. The signal goes through high pass filters before being running to
the field coils to filter out potential noise. Phase sensitive detection provides us with both
components of susceptibility, ’ and ’’ such that:
𝑑𝜙𝑠𝑎𝑚𝑝𝑙𝑒
= 𝜒 ′ + 𝑖 𝜒′′
𝑑𝐼𝐹𝐶
Where 𝜙𝑠𝑎𝑚𝑝𝑙𝑒 indcates the magnetic flux induced in the sample and 𝐼𝐹𝐶 is the current running
through the field coil.

Superconductivity and SQUIDs
SQUIDs are highly effective at mapping out superconductors. Our microscope has the
ability to image vortices pinned to materials, anisotropic susceptibility, and measure important
characteristics such as supercurrent density. This can all be done simultaneously in one scan, and
the extremely short range of field measurement allows for in situ background calibration directly
after data collection.
Vortices in materials arise due to the circulating supercurrent that creates a magnetic
field. While the Meissner effect states that superconductors contain no magnetic field inside of
them, type-II superconductors in magnetic fields develop vortices on their surfaces. Since the
supercurrent wavefunction must be single valued, vortices necessarily trap one flux quantum.
These vortices indicate where the material has gone normal and is no longer superconducting.
Superconductors are considered robust if they do not contain many vortices, which lead to
instabilities and ultimately decay the superconductivity until the material is resistive.
SQUIDs are particularly adept at mapping superconductivity in a material due to the clear
divergence of in phase susceptibility, ’, along supercurrent paths. For normal materials in a
small AC field, ’ tends to zero. However, when in the superconducting state, χ’ tends to -1 and
12

SQUIDs can provide spatial resolution on the development into this superconducting state. The
imaginary component of susceptibility χ’’ indicates a material’s a material's energy transfer. For
all temperatures leading up to the superconducting transition χ’’ tends to zero, then peaks sharply
at the transition. This maximum typically defines a sample’s transition temperature [36].

Cryogenic Chamber
In order to operate the SQUID and observe superconductivity at sufficiently low
temperatures, we use the Montana Instruments Fusion 2 cryogenic system. The Fusion 2 cools
down to 3.5 K in approximately 12 hours, features vibration isolation to the sample platform and
optical access to sample space, and utilizes a closed -cycle helium system, all minimizing time
and helium spent to run the experiment. The cryostation operates as a contact-based cryogenic
system, so that the SQUID must be adequately thermalized to the platform. The SQUID board is
suspended above the piezoelectric scanning system and sample stage by three posts connected to
the cold chamber platform (Figure 5). A niobium shield covers the back of the SQUID board to
minimize stray magnetic fields in the sample space.
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Figure 5 Schematic of scanning SQUID microscope inside cryogenic chamber. A) Cryostat platform that typically reaches 3.5 K
at its coolest point. B) Coarse piezoelectric positioners. Movement in X, Y, and Z directions with a range of 5 mm in any
direction. C) Fine piezoelectric positioners in the X-Y directions. Piezoelectric ceramic stacks push against rectangular braces,
which then displace the floating platforms in either positive or negative directions. Each direction has a typical range of 150 μm.
D) Z piezoelectric scanner held by copper brace. Moves sample away from or closer to SQUID. Typical cold range of 30 μm. E)
Copper ample holder attached to Z scanner. The thermometer, heater, and thermal contact to platform are all attached to the
sample holder. F) Sample rests on copper plate of sample holder using VGA grease. G) Copper cantilever attaches SQUID to
electrical contact board and acts as one conductive surface for topographic capacitance measurements with the other surface
embedded in the board.

Mounted on the base of the cryogenic chamber sits the piezoelectric system, which
comprises of the Attocube coarse positioners and X-Y-Z fine positioners. We utilize the coarse
positioners during pre-cooldown alignment, so that the SQUID is situated on top of the sample
surface in the X-Y plane, and during scanning to survey a greater area of the sample. Then the X,
Y, and Z piezos are used during the actual data collection at low temperatures. We obtain a range
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in the X-Y plane of approximately 200 μm and a range of approximately 25 μm in the Z
direction.
The sample holder uses a Lakeshore Cernox 1050 thermometer and resistive heater
attached directly to it so that temperature gradients are minimized and sample temperature is
finely controlled. At low temperatures, a power input of 0.005 W can typically raise the sample
temperature by 1 K. A copper braid is bolted to the 3.5 K platform and attached to the sample
holder which serves as thermalization. This construction typically achieves a temperature down
to 5.6 K on the sample holder.
In order to capture the maximum amount of flux, the SQUID must be positioned at a 2-3°
angle from the sample surface in the direction along the pick-up loop, and parallel to the sample
surface along the transverse direction of the pick-up loop (Figure 6). A precise angular
placement ensures that the SQUID measures magnetic flux from the sample with the best
possible spatial resolution.

Figure 6 Schematic of proper SQUID alignment above the sample. a) In the transverse direction of the pick-up loop (indicated by
yellow circle on tip of SQUID), the surface of the SQUID must align parallel to sample surface. b) In the direction along the
pick-up loop, the SQUID tip and end is positioned 2-3° from horizontal along sample surface.
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Piezoelectric Scanner
Moving the sample toward the SQUID for data acquisition requires three separate
piezoelectric settings. Coarse movement is used for initial alignment, when the sample is fully
retracted from the SQUID above it. When going from room temperature to 3.5 K or vice versa,
it's important to fully retract the sample so that material expansion does not damage either the
sample or the SQUID. A custom Attocubes piezoelectric system coarsely positions the sample
below the SQUID. It moves with a range of approximately ±200 μm in X, Y, or Z directions.
After the sample is adequately positioned using the Attocubes, the fine positioners for X,
Y, and Z are utilized during data acquisition. The X-Y piezos comprise of ceramic piezoelectric
stacks placed inside a springy brace which is attached to a floating platform on top of the
Attocubes unit. The floating platforms ensure no cross movement occurs between X and Y
movement. A positive voltage applied to the stack will make the ceramic elongate and pull
inward on the rectangular brace, pulling the platform with it (Figure 7a). Likewise, a contraction
will cause the braces to buckle outward and push the platform away. The Z piezo s-bender is a
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thin rectangular strip that is attached to a holder on the floating platform and moves the sample
holder up or down (Figure 7b).

Figure 7 (a) X and Y piezo stacks situated inside their respective braces. An expansion of a piezo stack causes an inward
buckling of the brace and moves the sample platform. (b) Z bender piezo. A positive voltage moves the bender up, and a negative
voltage moves the bender down from the horizontal rest position.

Data Acquisition
SQUID Operation
Up to four separate measurements may be taken simultaneously from the SQUID:
magnetometry, in- and out-of-phase susceptibility, and topography. For magnetometry and
susceptibility measurements, the SQUID must be operating in a flux-locked loop. To achieve
this, a bias current is run through the pick-up loop, inducing a voltage across the Josephson
junctions, which is periodic in magnetic flux. The bias current is then adjusted such that the
response from the junctions is maximized. At that point, the SQUID may be locked such that a
constant amount of flux is threading the pick-up loop and any external magnetic flux induces a
17

signal. Within the sample chamber, the measuring SQUID links to a 100-SQUID array, which
acts as a preamplifier. The array has a better impedance coupling to room temperature
electronics than our measurement SQUID, which replaces a room temperature transformer [35]
The noise from the array is low such that both the measurement SQUID response and noise can
be accurately recorded. A diagram of the room temperature electronics configuration is provided
in Figure 8.
Magnetometry is the direct measurement of magnetic flux. It is output from the
cryostation to the SQUID control then directly to the data acquisition (DAQ) board for
recording.

Figure 8 Schematic of data collection circuitry. Magnetometry (MAG) is the DC signal directly from the SQUID. Susceptibility is
the AC signal response from AC field through field coils. Topography (TOPO) signal results is from a balanced capacitance
bridge; once the SQUID touches the sample, the capacitance changes and unbalances the bridge.

Magnetic susceptibility is measured as a response to AC field input through the field
coils. Due to the gradiometric design of the SQUID, any small response from the SQUID is
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subtracted by the second pick-up loop far from the tip and ensures the susceptibility
measurement only comprises the sample response. The AC field serves as a reference for lock-in
amplification and response is recorded as the output. Both in phase (X) and out of phase (Y)
susceptibilities may be recorded from the lock-in amplifier, then recorded to the DAQ board.
Topography is a capacitive measurement as a function of distance between SQUID board
and cantilever. The copper cantilever on which the SQUID is mounted serves as one plate in a
parallel plate capacitor, the other of which is embedded in the SQUID board. When the SQUID
moves in the Z direction and touches the sample, it retracts slightly. The acquired capacitance
runs through a capacitance bridge such that the sharp increase in capacitance measurement
unbalances the bridge and indicates the sample has reached the SQUID. The capacitance bridge
has an AC field input so that lock-in amplification picks up the unbalanced bridge signal.

Scanning Procedure
In order to take scan images, the sample stage moves in X, Y, and Z directions. A scan
requires a constant displacement between the SQUID and the sample, so to achieve that a surface
map is collected (Figure 9). Over a user-determined grid in the X-Y plane, the sample moves to a
specified X-Y coordinate and approaches the SQUID using the Z piezo. Topographic data shows
a sharp increase in capacitance when the SQUID touches the sample and retracts slightly. Each
voltage on the Z piezo is recorded for its respective X-Y coordinate, and these voltages create a
surface map. By fitting the surface to a polynomial, 𝑧 = 𝑧0 + 𝑥 ∙ 𝑉𝑥 + 𝑦 ∙ 𝑉𝑦, the exact Z piezo
height in voltages is known for the whole scan.
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Figure 9 Example of sample surface map collected using capacitive topography. Vx and Vy represent the voltage applied to the
XY piezoelectric scanners. TD (touchdown) references the voltage on the Z piezo where the SQUID registers touching the
sample.

While operating in a flux locked loop, the sample goes row by row and collects data for a
set interval of time. A predetermined number of pixels per image dictates how many bins the
data averages into, and how many rows get scanned.

Susceptibility Approach Curves
Penetration depth in a superconductor may be measured by SQUID microscopy using
susceptibility approach curves. The sample stays fixed at one X-Y coordinate and the sample on
the Z piezo slowly approaches the SQUID until topography measurements signal contact. Each
approach curve is taken sixteen times per temperature in order to reduce noise and error. The
ultra-local nature of these approach curves may be skewed if one spot is chosen with
exceptionally different response than another. For that reason, each X-Y coordinate is chosen
from previous scans and at least two different spots are chosen to complete the full temperature
series.
20

Data Analyses
Quantitative analysis of the collected scans and approach curves requires unit calibration
and background subtraction. The standard unit for SQUID susceptibility is ϕ0 /A, and we record
SQUID response in Volts. Because the SQUID is so sensitive to magnetic field, we assume
considerable background signal is present. There are two types of background considered: a
unique background for each set of data collected, and an overall background collected at the
highest temperature. For each temperature, we measure a background to negate all stray
background fields. Then we assume the signal above Tc is all due to the paramagnetic LaSrAlO 4
substrate, so we subtract that off of all data within a temperature series. As a final step in data
processing, we smooth the data from outliers. During data collection, the SQUID may become
unlocked from its flux-locked loop. This shows up in the data as sharp deviations, so using
nearest neighbor interpolation, the data is replaced with an interpolated value.
Calibration from voltage to microns requires an initial measurement from the SQUID far
away from the sample. By passing enough flux through the pick-up loop while in flux-locked
operation, we measure the voltage difference for one flux quantum to be inside the pickup loop.
This value is different for each SQUID and is dependent on the precise geometry of the pick-up
loop. Susceptibility then gets divided by the applied field current, which is the reference signal
via lock-in amplification.
𝑚𝑎𝑔 = 𝑠𝑖𝑔𝑛𝑎𝑙 ∙
𝑠𝑢𝑠𝑐 = 𝑠𝑖𝑔𝑛𝑎𝑙 ∙

1 𝜙0
Δ𝑉

1 𝜙0 1
∙
Δ𝑉 𝐼𝐹𝐶

Background subtraction is handled differently depending on the type of data to be
adjusted. While scanning, the background is collected by moving the sample approximately
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30μm away from the SQUID, and completing another lower resolution scan. For penetration
depth measurements, the background is considered as an average between the furthest 5 μm
away from the SQUID. The field from the field coil falls of 1/r 3 when the distance between the
sample and field coil is larger than the field coil diameter (7 μm), and the field from the sample
falls off 1/r6 from the pickup loop [35]. Thus we assume the background measurements are
independent of any sample interference.
The high temperature background is then subtracted from the whole temperature series
dataset. Due to inhomogeneities in the film structure and use of paramagnetic LSAO as the
substrate, the SQUID signal is nonzero far above Tc. The highest temperature data collected is
averaged into a single scalar value and subtracted from all subsequent datasets in the temperature
series. While scanning, a background scan is collected following each high resolution scan. The
sample is moved approximately 20 μm away from the SQUID and the background scans this
background noise. For approach curves, background is assumed to be an average of the first f ew
data points furthest away from the sample.
Finally, using point-by-point consideration, all outliers are interpolated using nearest
neighbors method. Noise in the SQUID may be due to the flux-locked loop unlocking, external
electrical noise, or vibrations on the sample mount, which can cause a spike in both magnetic and
susceptibility measurements. This noise is random and varies between time of day and does not
affect the physics in our data sets.

Sample Temperature Calibration
The Lakeshore Cernox thermometer was calibrated in our Montana Instruments
cryostation using 4-point resistance measurements. In order to test the accuracy of this
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calibration curve and the efficacy of thermal contact between the sample and the holder, we used
a niobium thin film as a calibration material. The niobium thin film shows a sharp
superconducting transition at 8.1 K in global measurements (Figure 10). The calibration depends
on a well-defined transition temperature of a known material, so that our data may be more
readily compared. SQUID susceptometry was taken at each temperature increment by taking 100
points of signal at the surface of the thin film, then 100 points -5 V away (~20 μm) as
background noise. The SQUID data shows an agreement with global measurements within 0.1 K
(fig 6b).
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Figure 10 Thermometer calibration experiment. (a) Global susceptibility of niobium measured using the mutual inductance
technique. (b) SQUID measurements of niobium. The transition temperature for both methods is in agreement within 0.1 K.

Global Susceptibility measurements
Bulk susceptibility measurements done at BNL utilize the two-coil mutual inductance
technique [37]. The sample is placed in a clamp with two coils positioned on either side of it.
One coil induces an AC magnetic field while the other coil measures the response of the material
to the induced field. While in the full superconducting state, the sample shows zero signal due to
Meissner screening, and in the normal metallic state the sample will show a full transmissive
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response to the magnetic field, inducing current through the other coil. The mutual inductance
technique measures both critical temperature and the London penetration depth.
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Results
The following chapter presents all the acquired data including scan images, susceptibility
approach curves, and average susceptibility values. Each doping level has full sets of all three
data types. Scans are presented as images over an approximate range of 6 K to 14 K, varying
slightly across samples and thermal cycles. Susceptibility approach curves are presented with a
full temperature series on a single location of the sample, with two locations documented for
each sample. Finally, a comparison of global versus SQUID measurements to indicate Tc use
susceptibility averaged over scans and extracted from approach curves.

Scans
For scan images, the colorbar intensity corresponds to susceptibility signal. Darker blue
indicates a signal tending toward the superconducting diamagnetic state while yellow indicates a
paramagnetic state. For each doping level, scans were taken from the lowest temperature on the
sample holder to a few Kelvin above Tc determined by the observing surface features disappear
in the scan images. The colorbars are chosen to have an upper limit near the average
susceptibility of the scan and fixed lower limit over the scan series minimum average
susceptibility.
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x = 0.32 / p = 0.2451

Figure 11 Scan image of LSCO x = 0.32.The temperature series was conducted from 5.6 K to 14 K in order to observe the full
superconducting state and the full normal state. As temperature increases, the susceptibility decreases until it reaches small
values indicating a mostly non-superconducting material. (Continued on next page)
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Figure 12 Continued from previous figure. Scan image of LSCO x =0.32.
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x = 0.33 / p = 0.2461

Figure 13 Scan image of LSCO x = 0.33.The temperature series was conducted from 5.7 K to 14 K in order to observe the full
superconducting state and the full normal state. As temperature increases, the susceptibility decreases until it reaches small
values indicating a mostly non-superconducting material. Continued on next page.
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Figure 14 Continued from previous figure. Scan image of LSCO x = 0.33.
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x = 0.335 / p = 0.2475

Figure 15 Scan image of LSCO x = 0.335.The temperature series was conducted from 6.3 K to 13.7 K in order to observe the full
superconducting state and the full normal state. As temperature increases, the susceptibility decreases until it reaches small
values indicating a mostly non-superconducting material. Continued on next page.
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Figure 16 Continued from previous figure.
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Approach Curves
As the distance between the sample and SQUID decrease, the susceptibility diverges.
Each plot indicates a full temperature series conducted from a low temperature (~5.6 K) to a high
temperature well past Tc (~14 K). The lowest susceptibility corresponds to the lowest
temperature approach curve, then when the material stops being superconducting the approach
curve flattens out, showing no difference between background and sample signatures.
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x = 0.32 / p = 0.2451

Figure 17 Susceptibility approach curves for x = 0.32 taken at two points of the scan surface with slightly different diamagnetic
Tc signals, with the maximum susceptibility changing by approximately 220 𝜙0 /𝐴. Each line corresponds to an approach curve
at a set temperature. The more negative valued susceptibility approach curve is the lowest temperature, 5.6 K. At higher
temperatures past T c the curves flatten out to 0 𝜙0 /𝐴.
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x = 0.33 / p = 0.2461

Figure 18 Susceptibility approach curves for x = 0.33 taken at two points of the scan surface with slightly different diamagnetic
Tc signals, with the maximum susceptibility changing by approximately 5 𝜙0 /𝐴 between data sets. Each line corresponds to an
approach curve at a set temperature. The more negative valued susceptibility approach curve is the lowest temperature, 6.1 K. At
higher temperatures past T c the curves flatten out to 0 𝜙0 /𝐴.
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x = 0.335 / p = 0.2475

Figure 19 Susceptibility approach curves for x = 0.32 taken at two points of the scan surface with slightly different diamagnetic
Tc signals, with the maximum susceptibility changing by approximately 120 𝜙0 /𝐴. Each line corresponds to an approach curve
at a set temperature. The more negative valued susceptibility approach curve is the lowest temperature, 5.6 K. At higher
temperatures past T c the curves flatten out to 0 𝜙0 /𝐴.
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Susceptibility – Global vs. Local
Comparisons of global susceptibility as a function of temperature to SQUID
susceptibility measurements as a function of temperature are presented below. Each figure
corresponds to a doping level, and the SQUID measurements done consist of scan images and
susceptibility approach curves. Scan image susceptibility is deduced from the overall average of
the calibrated image susceptibility data. Approach curve susceptibility is taken as the average of
the last 3 points in the data subtracted by the flat background. The critical temperature for both
global and SQUID measurements is decided as a 1% deviation from the normal signal.
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Figure 20 Susceptibility vs temperature plots for LSCO x = 0.32. (a) Global results using mutual inductance coils. (b) SQUID
susceptibility results. Scan data points are an average over the whole scan image, and susceptibility values from the approach
curves are plotted alongside them. SQUID susceptibility measurements show an increase in T c by approximately 1 K.
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Figure 21 Susceptibility vs temperature plots for LSCO x = 0.33. (a) Global results using mutual inductance coils. (b) SQUID
susceptibility results. Scan data points are an average over the whole scan image, and susceptibility values from the approach
curves are plotted alongside them. SQUID susceptibility measurements show a T c increase by approximately 1.5 K.
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Figure 22 Susceptibility vs temperature plots for LSCO x = 0.335. (a) Global results using mutual inductance coils. (b) SQUID
susceptibility results. Scan data points are an average over the whole scan image, and susceptibility values from the approach
curves are plotted alongside them. SQUID susceptibility measurements show a T c increase by approximately 3 K.
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Discussion
The results collected by scanning SQUID microscopy reveal additional information about
local features in superconductivity development. SQUID susceptibility data shows a good
agreement with global measurements of overdoped LSCO thin films. This section will examine
the information gathered from scan images, specifically which important features appear and
what effects, if any, SQUID measurement has on sample surfaces. The second half of the
discussion will center on finding the penetration depth from susceptibility approach curves by
introducing the model and evaluating the results by comparing them to global measurements.

Scans
Scan images show a development of superconductivity across the surface of LSCO thin
films. At approximately 3 K lower than Tc small features begin developing a lower diamagnetic
signal than the rest of the material. These features grow larger as temperature increases and
eventually superconductivity disappears. In some scan series, the inhomogeneous diamagnetic
development is due to surface defects, while in others the superconductivity is broken more or
less randomly in the sample (Figure 16). With a wider scanning area over the sample, SQUID
scan images could reveal a more complete picture of supercurrent development.
In the higher temperature range (80% of Tc) small pockets of surviving superconductivity
bring the average susceptibility higher (Ex: Figure 14, LSCO x=0.33 11.5 K), offsetting the rest
of the surface that is no longer diamagnetic. These competing phases provide a snapshot of the
puzzling superconducting transition, which global measurements cannot show.
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Static diamagnetic development
Near Tc, areas of the scan image stay diamagnetic while other areas become
paramagnetic. The most distinctive features appeared in the highest doping level, so to test
whether these features were dynamic or static, scans were taken at the same temperatures
consecutively after heating up the sample to 20 K, well above where the diamagnetic signal
fades. Figure 23 shows that these features are static, indicating that these inhomogeneous
developments of superconductivity are present in the lattice structure. we conclude that there is
likely an uneven distribution of oxygen, and the uneven distribution of susceptibility signal is
due to local chemical defects.

Figure 23 Three separate scans conducted at separate times after increasing sample temperature past T c , 15 K, then cooling and
scanning at 12.6 K. The darker color indicates diamagnetic signal, while the lighter corresponds to areas of dissolved
superconductivity. The same features are observed after each thermal cycle, with scans taken hours apart.
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Defects

Figure 24 Comparison of areas of LSCO x = 0.33 with and without defects. (a) Scan image of sample surface with scratches.
The rings manifest as shadows of the field coil. (b) Scan image of sample with no physical scratch defects. (c) Temperature
dependence of susceptibility in defect-heavy sample, the same area as a. This area of the sample shows an increase of T c as much
as 4 K from global measurements. (d) Temperature dependence of susceptibility in a scratch-free area of the sample. This area
shows an agreement with global measurements to within 1 K.
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The sample LSCO x = 0.33 contains areas on the surface that are both scratched and
clean. These imperfections are visible as small pock-marks in the surface and are picked up by
the SQUID as halos. When a defect is smaller than the pick-up loop, it is imaged by the SQUID
as a ring that surrounds the actual point.
Figure 24 shows the discrepancies between an area of the sample with scratches and a
clear surface. (a-b) show that the halos define the areas clearly that have defects. (c-d) indicate
the susceptibility of a sample area with defects is greatly reduced to a clear surface scan.
However, the Tc appears to be increased by as much as 4 K from global measurements. Our
hypothesis is that the defects interrupt current flow and this disorder leads to a sustained, but
smaller, susceptibility signal.

Penetration Depth
A superconductor screens external magnetic field when it is in the Meissner state. This
screening manifests as expulsions of magnetic flux from the surface, with the superconductor
counteracting the external field by inducing a counterclockwise current loop from the
supercurrent. The London penetration depth characterizes how well a superconductor screens
external magnetic fields.
SQUID susceptometers induce a small magnetic field near the surface of the
superconductor and record the response through the pick-up loops. The susceptibility approach
curve is a continuous measurement of magnetic susceptibility from the sample as it moves closer
to the SQUID. From this approach curve, the Pearl length (Λ = 2λ 2 /d), the effective penetration
depth, can be found as a function of sample height. Using a model developed by Kogan [41] and
approximated for a thin diamagnet by Kirtley et al. [42], we find the Pearl length for all three
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doping levels. The model assumes SQUID geometry comprises perfect circles for the pick-up
loop and field coil, the leads are infinitely thin, and the penetration depth λ is much larger than
film thickness.

Fitting
In the limit that the penetration depth is much larger than film thickness, λ >> t, we use
the following model to fit to the susceptibility approach curves:
𝜙(𝑧)
𝜙𝑠

=−

𝑎

2𝑧̅

(1 − √1+4𝑧̅2 )
Λ

(1)

where 𝜙(𝑧) is the data from the approach curve, 𝜙s is the mutual inductance of the field coils, Λ
is the Pearl length, a is the radius of the field coil, and 𝑧̅ is the distance between the SQUID and
the sample, normalized by a. Determining 𝑧̅ takes two considerations: a constant offset between
the SQUID and the sample due to the SQUID alignment, and a factor to convert the voltage on
the piezo during approach to microns. Utilizing the gradiometric design of the SQUID chip
necessitates a small angular alignment as described in Methods. While the alignment angle
varied between cooldowns, it remained in the range of 3-6° from horizontal along the direction
of the pick-up loop. This creates a distance z0 between the SQUID and sample when capacitance
measurements indicate contact. During approach, the sample height is recorded as a voltage. To
convert from Volts to μm, an extra calibration factor is added to the distance 𝑧̅. The calibration
factor changes slightly between cooldowns due to wear and tear on the piezoelectric ceramic or
complete replacement of the bender. Our final coordinate expression, normalized by the field
coil radius, is
𝑧̅ =

𝑧0 +𝑉𝑐 ∙𝑉
𝑎
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(2)

Initially, the pick-up loop and field coil radii are fixed, then bounds are placed on fitting
parameters z0 , Vc, and Λ. Once all susceptibility curves within a temperature series are fitted to
the model, z0 and Vc are assumed fixed at the average fit value. Then the only free fitting
parameter in the final calculation is Λ and a constant 𝜙0 /A offset.

Figure 25 Susceptibility approach curve at 5.6 K of LSCO sample at doping level x = 0.335 . The red line indicates the fit using
Eq. 1.

An example fit for the model in Eq. 1 is provided in Figure 25. The data and fit are
characteristic of other lower temperature sets in analysis. The first dissolution of diamagnetic
signal at slightly higher temperatures (approximately 2 K lower than Tc) corresponds to noisier
SQUID measurements and slightly less uncertainty in the fit values. Model fitting was not
considered for temperatures higher than Tc. The field coil radius is fixed at 7 μm and the pick-up
loop radius is fixed at 3.5 μm. The final fit values are provided in the table below.
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x = 0.32

x = 0.33

x = 0.335

Vc

6.1

5.3

5.2

5.8

6.5

1.3

z0

0.51

0.57

0.4

0.68

0.65

0.5

Comparison to previous bulk results on similar samples
Bozovic et al. recorded the London penetration depth and phase stiffness for over 2,000
overdoped LSCO samples over a 12 year period [28]. To compare previous results with the
values found by fitting approach curves, we extract Δ𝜆 = 𝜆 − 𝜆(𝑇 = 6 𝐾). Previous SQUID
measurements compare their acquired penetration depths with global measurements using the Δ𝜆
analysis technique [43]. Our data is in good agreement with the previous results up to 1-2 K
before global Tc measurements (Error! Reference source not found., Figure 26). At higher
temperatures the sample gives a smaller response, often close to the noise threshold. The model
does not fit as well at these lower responses and may be in part responsible for the abrupt change
in agreement with previous data.
We also compare the phase stiffness qualitatively to check that the functional form is
consistent. The phase stiffness is related to the Pearl length by: 𝜌𝑠 = 𝐴/𝑡𝜆 where 𝐴 =
ℏ𝑑/4𝜇0 𝑘𝐵 𝑒 2 = 3.55 𝜇𝑚2 /𝐾. The 𝜌𝑠 extracted from SQUID approach data shows the expected
linear dependence, with the slope changing dramatically with altered fitting parameters 𝑧0 and 𝑎.
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Figure 26 Solid lines indicate measurements reported by Ref. [28]. Markers correspond to SQUID susceptibility approach
curves performed for the three samples.

Figure 27 Relative penetration depth vs temperature. Solid lines indicate previously recorded global data from Ref. [28] which
includes samples reported with similar Tc to our data. SQUID susceptibility approach curve data is indicated by markers with
solid lines.
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Implications of SQUID findings
To summarize, we found good agreement between the local SQUID measurements and
the previous bulk measurements of the penetration depth. This confirmation allows for a closer
inspection on the quantitative information garnered from local measurements. SQUIDs are cited
as being non-invasive and we have shown that it is only true when measured very carefully, and
even a smallest bit of contact between the SQUID and sample may alter the results. However,
when done carefully to avoid interference with the device, it's possible to gain new insight on
micron-scale developments of magnetic properties of novel materials. Using SQUIDs to find the
penetration depth proves a reliable method, once the fitting parameters can be more concretely
known.
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Conclusions
We found agreement between global and local SQUID susceptibility measurements.
Scanning SQUID susceptometry provides a micron-scale spatial depiction of the development of
superconductivity which cannot be achieved via other methods, such as the mutual inductance
technique. Local measurements show where superconductivity develops in spatially
inhomogeneous patterns, which may be influenced by local physics related to sample-SQUID
interaction that we are investigating further.
The confirmation of local agreement with global results indicates further quantitative
understanding may be done. To create a more reliable fitting procedure, fitting parameters must
be minimized, such as z0 , the radii of the pick-up loop and field coils, and the volt to μm
calibration constant. These parameters have a significant effect on the accuracy ⍴ 0 , which can
contribute to the understanding of the overdoped scaling relation between superfluid density and
temperature.
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